Impact Energy Measurement in Time-of-Flight Mass Spectrometry with
Cryogenic Microcalorimeters*

G. C. Hiltont, JohnM. Martinis’, D. A. Wollman', K. D. Irwin', L. L. Dulcief, DanielGerbef,
Patrick M. Gillevet, & DamianTwerenbold

tNationallnstituteof StandardsindTechnologyBoulderCO, 80303

Hnstitutde Physiquedel'Universie RueA.-L. Breguetl, CH-2000Neuctatel, Switzerlandand
GenSpe@A, casepostalel20,CH-2017Boudry Switzerland

$Instituteof BioscienceBioinformatics,andBiotechnology Geoge MasonUniversity ManassasyA
22210

Time-of-flight massspectrometrymost notably matrix-assistedaserdesorptiongnization time-
of-flight (MALDI-T OF) spectrometry areimportanttechniquesn the study of proteinsand other
biomoleculeg. While thesetechniquesrovide excellentperformancdor massesip to about20 kDa,
there hasbeenlimited successn achieing good massresolutionat higher masses.The sensitvity
of corventionallyusedmicrochanneplate (MCP) detectorgdecreasesapidly with increasingparticle
mass Jimiting the utility of MCP detectordor very large masseslit hasbeenproposedhatcryogenic
particledetectoramay provide a solutionto thesedifficulties3 Unlike MCP detectorsyhich measure
themultipliedion currentinitiatedby asecondarylectronor ion, cryogenicdetectorsneasurehether
mal enegy depositedoy the particleimpact,andthushave a sensitvity thatis largely independenof
particlemass.Receniexperimenté have demonstratethe sensitvity of cryogenicparticledetectors
to singlebiomoleculesaquantunefficiencgy severalordersof magnituddargerthanthe MCP detectors,
andsensitvity to massesislargeas750kDa. In this papemwe presentesultsdemonstratingnorderof
magnitudebetterenegy resolutionthanprevious measurementsllowing directdeterminatiorof par
ticle chage stateduring acceleratiorf. We alsopresentalibratedmeasurementsf ion impactenegy

andmeasuremenemonstratingarticleenegy lossdueto gas-phaseollisionsin thespectrometer

In the pastsereralyears significantprogressrasbeenmadein developinghigh-performanceryo-

genic detectorsfor applicationssuchas infrared bolometryand x-ray; visible, and ultraviolet spec-
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troscopy. Theseadetectordall into two classesnon-equilibriumdevicessuchassuperconductingunnel
junctions(STJs)®° andequilibriumdevicessuchasmicrocalorimeters®2 The previous experiments
with cryogenicparticle detectorsfor massspectrometryusedSTJs?° which fail to recordthe total
impactenegy becausehey areinsensitve to the fraction of impactenegy depositecasphononswith
enegy lessthanthesuperconductingap.In this experimentwve usedanormal-insulatesupgerconductor
(NIS) microcalorimeteffabricatedon a thin SisN4, membranevhich detectsall of the thermalenegy
depositedy aparticleimpact. Althoughthe speedandenegy resolutionperformancef our detectolis
sufficientfor this preliminaryexperiment.experiencewith otherapplicationdndicatethatsignificantly
betterperformances possiblein the future. It is importantto notethatthe collectionareaof the cryo-
genicdetectorsstudiedis morethan10* timessmallerthattypical MCP detectors While this sizecan
beimprovedin thefuture,theoverall sensitvity (theproductof quantumefficiengy andcollectionarea)

of this detectoiis significantlylessthanMCP detectorexceptat extremelylarge masse$.

Our detector similar to that describedelsavherel? is shavn in crosssectionin figure 1a, along
with the externalcircuit usedto biasandreadout the detector The detectorcurrentis measuredising
a high-speedow-noiseseries-arraysuperconductinguuantuminterferencedevice (SQUID) amplifier
14 The detectoris cooledto its operatingtemperaturef 100 mK usinga liquid helium cryostatwith
an adiabaticdemagnetizationefrigerator The cryostatis coupledto a MALDI-T OF spectrometeas

shavnin figurelh

Thedetectorenegy scalewascalibratedusingx-raysfrom a %> Feradioactve sourcemountedn the
detectoline of sight. Theenepy resolutionof detectomwasmeasuredor x-raysusingseveralthousand
digitizedwaveforms. The enegy of eacheventwasdeterminedisingWeineroptimalfiltering, andthe
resolutionwasdeterminedy fitting theresultingenegy histogranto a normaldistribution. For x-rays
we obtainedanenegy resolutionof 92 eV full width athalf maximum(FWHM). In figure2awe shav a
digitized detectomwaveformobtainedrom onelaserstrike on a proteintarget of bovine serumalbumin

(BSA, mass= 66430Da).



In figure 2b we shav a scatterplot of impactenegiesvs. arrival timesfor a sampleof BSA in a
sinapinicacid matrix (mass= 224 Da). The plot demonstratea clearenegy banding,causeddy the
discreteionization statesof the particles. The utility of impactenegy resolutionis clearly shavn by
examiningtwo groupingof points,oneat (t;=146us, £1=10keV), andtheotherat (t5=103 s, =20
keV). Calculatingthemasscorrespondingo ¢, usingm = (2zUt2) /12 wherel is thelengthof theflight
tubeandtaking z = e, we find thatm,=66.6kDa. If we similarly calculatethe masscorrespondingo
to With z=2¢, we find m»=66.4kDa. Thuswe associatehe first groupingwith BSAT andthe second
groupingwith BSA?*. Additional groupingsin figure 2b includesinapinicacid (m=224Da, t=10 us)
andan unidentifiedfragmentwith m ~14 kDa (=67 us). Thereis alsoa smallgroupingat the same
time-of-flightasthe BSA™ groupwith twice theenegy of theBSA™ group. This groupis dueto either

doublychagedBSA dimersor the simultaneousirrival of two singly chagedBSA monomers.

A surprisingfeatureof figure 2b is thatthe thermalenegy E,; depositedn the microcalorimeter
by a particleimpactis roughly half of the particles kinetic enegy zU. This differenceimpliesthata
significantfraction of the particles kinetic enegy is not corvertedto thermalenegy in the detector
Thusimpactcannotbe modeledasa rigid moleculestriking andstickingto the detector Processethat
might accountfor the missingenegy includefragmentatiorof the impactingmoleculeandejectionof

molecularfragments.

To furtherinvestigatethe dependencef impactenegy on moleculetype, we shaw in figure 3 the
ratio of depositedo kinetic enegy vs. kinetic enegy for threedifferentmolecules. At low kinetic
enegies,we seeindicationsof anincreasdn fractionalenegy depositionasmight be expectedsince
thereis lessenegy availableto deformtheion. PresumablyZ,/zU approacheg at very low kinetic
enegies. At largekineticenegies,theproteinsdepositabouthalf of their kineticenegy in thedetector
while the muchlighter sinapinicacid depositsearlythree-quartersf its kinetic enegy. Becausehere
aremary morebondsin thelargermoleculesit is not surprisingthatmoreof the kinetic enepy is lost

in impactejectionor fragmentation. While we do not fully understandhe origin of the asymptotic



50%impactenegy obsered at high kinetic enegiesfor lysozymeandBSA, preliminaryexperiments
with immunoglolulin G (IgG, 155kDa) shav thatthis sameasymptotidimit holdsfor larger masses.
Becausdhetotal bondenegy of sinapicacidis lessthattheimpactenegy deficit, we believe thatthis
is evidencethatejectionis the dominantenegy lossmechanismin the only previous measuremeruf
fractionalenegy depositionusingSTJs® the measuredmpactenegy wasroughly 20% of the kinetic
enegy. Thelowervalueof E,;/zU obtainedwith the STJdetectorss not surprising giventhe phonon

lossmechanismgreviously discussed.

Histogramf arrival timesfor BSA areplottedin figure 4ausingall particleimpacts andin figure
4b usingonly thoseeventswith impactenegiesbetweerb and15keV. In the selectve plot of 4b, both
thebackgroundaindthe BSA?* peakhave beengreatlyreduced Similar histogramsvereusedto deter
minethe massandenegy resolutionof the massspectrometer~or the BSA monomeipeak,we obtain
a timing resolutionof 1.3 us (FWHM), implying a massresolutionM /AM of 56, similar to results
obtainedelsavhere!® An enegy resolutionof 1.7 keV (FWHM) wasobtained which is significantly
worsethanboththe 92 eV (FWHM) resolutionobtainedwith x-raysandthekinetic enegy uncertainty
implied by the time-of-flight uncertainty inferring that the enegy lost to ejectionand fragmentation

duringimpactmustbevariable.

Measurementf impactenegy with themicrocalorimeteanllows usto explore of the effect of back-
groundgaspressurén thespectrometerAs backgroungressurencreasesyas-phaseollisionsin both
theacceleratiomndfree-flightregionsincreasegecreasinghequality of thespectraTheeffectof pres-
sureis clearlydemonstrateth figure 5a,which shaws scatteiplot spectraor lysozyme(mass= 14300
Da)takenat 4x10~° Pa(3x10~7 Torr) and8x 10~ Pa(6x10~% Torr). At high pressurewe obsere
a significantincreasdn the numberof low enegy (lessthan5 keV) particlesarriving at the predicted
time-of-flight for lysozyme.We attritute this effect to fragmentatiorof thelysozymeionsdueto colli-
sionswith backgroundyasin thefree-flightregion of thespectrometefragmentproducediuringfree

flight carrylesskinetic enegy, but travel at velocitiesnearlyequalto thatof the original moleculeand



arrive at the expectedtime for lysozyme.On the otherhand,fragmentatiorduring acceleratiorwould
affectthevelocity andcannotexplaintheseavents.In figure5bwe shav theeffectonthisfragmentation
onimpactenegy. Herewe plot a histogramof impactenegiesfor thoseparticlearriving with nearthe
predictedtime-of-flight for lysozyme. The histogramsshav thatat low pressurgherearemary more
low enegy eventswhich arecausedy smallfragmentsanda broadeningf the primary 11 keV peak

by alow enegy tail whichis causedy largerfragments.

Insightinto the effect of gasphasecollisionscanbe gainedby estimatingthe crosssectionsand
meanfree pathsof the proteins. From x-ray structuredatafor lysozyme'® we estimatethe molecular
crosssectionfor gas-phasecatteringto be 15 nm?. With this crosssection,the meanfree path for
lysozymeat a nitrogengaspressuref 4x 1075 Pais roughly 6 m, while at8x10~* Pathe meanfree
pathis 0.3m. Thusatthehigherpressure&onsideredh figure5 lysozymewill typically undego 3-4 col-
lisionsin traversingtheflight tube. Assuminghard-spherelasticcollisionsbetweera20keV lysozyme
ion and an ambient-temperatureitrogenmolecule,the maximumenegy transferredper collision is
160eV. This enegy is morethansuficientto breakbondsin lysozyme supportingour conclusionthat
fragmentatioroccursduringflight. Theseresultsaresimilar to thosereportedelsavhere'” wherefrag-
mentationcausedn the free flight region wasmeasuredy subsequendeceleratiorof ions, allowing
measurementf the relative concentratiorof neutralfragmentsrelative to unfragmentedonsto yield
thefragmentatiorcrosssection.For a proteinsimilar to lysozyme(cytochromec) they measurea cross

sectionof 14.1nm? consistentvith our results.

A similar calculationof the crosssectionfor BSA shavs that gasphasecollisions cannotexplain
the massresolutionobtainedwith our spectrometerUsing x-ray data'® we estimatethe crosssection
of BSA to be 30 nn?, giving a meanfree pathof 3 metersat the normaloperatingoressure Assuming
thatthe maximumenegy transferredoer gascollision is 80 eV, andthateachmoleculeundegoeson
averagelessthanonecollision, the worst caseestimatefor massresolutionM /AM is 250,whichis s

betterthantheobseredvalueof 56. In the presenexperimentsywheremassesolutionis notlimited by



gascollisionsor detectoresponsgime, we concludethatthe greatestontritutionsto massuncertainty

ariseduringlaunchandacceleration.
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Figure Captions

Figurel. (a) A crosssectionof the NIS microcalorimeterAn acceleratednoleculeflies througha 200
pm diameter0.1 K apertureand strikes the absorbeir(a 100 nm thick Ag film measuring200 zm by
200um depositecbn a 0.5 um thick SisN4, membrane)raisingthe absorbetemperatureThis temper
atureriseis detectedasa currentpulseproducedby a voltagebiasedNIS junction,which consistsof a
thinly oxidizedAl electrodean contactwith theabsorberThejunctioncurrentis measuredbhy a SQUID
preamplifier Contactgo the detectorare provided by superconducting\l leadswhich carry electrical
currentbut donotconductheat.(b) Schematiziew of our MALDI-T OF spectrometeindicatingdetec-
tor placemenandinfraredshielding.Theinfraredshieldingconsistof al mmdiametemperturecooled
to 4 K andplaced10 cm away from the detector lons arecreatedvhenlaserlight pulses(337nm, 3
ns,maximumpower 100 uJ) strike the probeplate.lonsareacceleratethy anelectricfield betweerthe
probeplateandthe groundedine-meshacceleratingyrid. Vacuumin the spectrometeis providedby a
110L/s turbomoleculapump,attaininga basepressuren the 100 mm diameterflight tubeof 2x10~5
Pa(1.5x10~7 Torr). Two proteinswerestudied lysozyme(mass= 14300Da) andbovine serumalbu-
min (BSA, mass= 66430Da). In both casegroteinssolutionswere preparedoy combiningl mg of
proteinwith 1 mL of a0.1%trifluoroaceticacidH,O solution. The matrix solutionconsistedf 100mg
sinapinicacid (mass= 224 Da) dissohed in 6 ml of ethanoland4 ml H,O. Probeswere preparedy
mixing 40 pL eachof the probeandmatrix solutionsandallowing the mixtureto air dry on the probe

plate.

Figure2.(a)An exampletime tracefor onelasereventwith threedetectompulses.Thefirst pulseis due
to reflectedlaserlight striking the detectoy the remainingpulsesare dueto ions andareidentifiedas
BSA’t andBSATt. (b) A scattemplot of detectorenegy vs. ion time-of-flightfor BSA with anacceler
ationvoltageof 20 kV. Clearenegy bandingis shavn for ions of differentchage. Theratio of enegy
depositedn the detectorto ion kinetic enegy (F4/2U) is 0.59for BSAT and0.74for singly chaged

sinapinicacid. This scatterplot wasgeneratedy extractingtime and enegy informationfrom time



tracedor severalthousandaserevents.For eachiaserpulsewe acquiredatime traceconsistingof 4096
sample®ftheSQUID preamplifieroutputat either50or 100nsintenalsusinga20MHz 12-bitanalog-
to-digital corverter Particleimpacttimesweredetermineddy an edgedetectionalgorithmappliedto
thetime tracesandparticleimpactenegieswereextractedby comparingthe impactwaveformswith a
calibratedwaveform derived from x-ray events. The signalrise time (1.2 us) allowed usto determine
thetime of impactwithin roughly200ns. Potentialdifficulties of pulsepile-updueto the slow detector
fall time (17 us) aremitigatedby the detectodinearity, the 12 bit digitization,andthe smallnumberof

particlestrikesperlaunchevent.

Figure3. A plot of theratio of impactenegy to kineticenegy vs. kineticenegy for eachion type. The
ratio is determinedoy dividing the centroidof theimpactenegy distribution for anidentifiedparticle
groupingby the kinetic enegy of that grouping. For the heavier ions (lysozyme,BSA) this fraction
approache8.54for large acceleratiompotentialswhile for thelighterion (sinapinicacid)theasymptote

is0.72.

Figure4. Time-of-flight spectrunfor BSA with anacceleratiovoltageof 20kV. Theupperplot shavs
thefull histogramwith all acquiredpoints. Thelower plot containsonly thosepointswhosedeposited
enegy is betweerb and15kV. Thepeakdueto doublyionizedBSA, aswell asmuchof thebackground,

is removedby this selection.

Figure5. (a) Scattemlots for lysozyme(mass= 14300Da) taken at two differentpressures At the
higherpressuremary moreionswith low impactenegy areobsered. This effectis dueto gasphase
scatteringandfragmentatiorin theflight tube. Themeanfree pathfor lysozymecollision with ambient
gasmoleculeds 1/3 of theflight tubelengthin the high pressureaseand6 timestheflight tubelength
in the low pressurease.(b) Histogramof impactenegiesfor the expectedarrival time of lysozyme"
(68 us < t < 70 us). Thedataat higherpressureshav bothalow enegy peakandan enhancedow

enepy tail of the 11 keV peak. Thesefeaturesare dueto small andlarge fragmentsof the lysozyme
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causedy gas-phaséragmentationin thefree-flightregion.
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